Objective: Inotropic agents are used clinically to improve ventricular function during ischaemia. The goal of this study was to determine whether inotropic stimulation during moderate left ventricular (LV) ischaemia exacerbates post-ischaerrtic LV dysfunction.
Introduction
Patients with haemodynamically significant ischaemic left ventricular (LV) dysfunction are frequently treated with inotropic agents. Previous experimental studies have focused on the effect of inotropic stimulation during LV ischaemia on subsequent infarct size [1] [2] [3] . These studies found that dobutamine stimulation during ischaemia did not increase infarct size, despite increased myocardial oxygen consumption, if blood flow to the ischaemic region increased. However, no study to date has investigated whether inotropic stimulation during moderate left ventricular ischaemia exacerbates or diminishes post-ischaemic contractile dysfunction in a model of myocardial stunning, rather than infarction.
Inotropic stimulation during ischaemia could exert a deleterious effect on post-ischaemic ventricular function through several potential mechanisms. First, if the rate of ATP hydrolysis is increased to a greater extent than the rate of myocardial oxygen delivery, the balance between ATP utilization and ATP resynthesis by oxidative phosphorylation will be perturbed, potentially resulting in reduced high-energy phosphate concentrations and/or accelerated anaerobic metabolism with increased tissue acidosis and lactate formation. These metabolic derangements have been correlated with diminished recovery of post-ischaemic function [4] [5] [6] . Second, inotropic stimulation during is-chaemia could increase myocardial calcium influx [7, 8] , leading to intracellular calcium overload and consequent ischaemic injury [9] . Third, by increasing systolic ventricular pressure and systolic wall tension, inotropic stimulation might promote viscoelastic deformation, or creep, in ischaemic myocardium. The extent of such non-elastic myocardial deformation has been correlated with the severity of post-ischaemic dysfunction [10] .
Conversely, inotropic stimulation has the potential to ameliorate myocardial ischaemia [11, 12] . If cardiac output and coronary perfusion pressure increase sufficiently, myocardial blood flow and oxygen delivery through a stenotic coronary artery may be augmented sufficiently to mitigate myocardial oxygen supply-ATP demand imbalance, despite increases in mechanical work and ATP utilization.
The goal of this study was to determine whether inotropic stimulation with dobutamine during moderate, prolonged left ventricular ischaemia results in exacerbation or diminution of post-ischaemic left ventricular dysfunction, as assessed by regional left ventricular pressure versus segment length relations in the pig. To this end, we employed a clinically relevant model in which coronary stenosis severity, rather than coronary flow rate, was held constant during dobutamine stimulation.
Methods

Experimental preparation
All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals of the U.S. National Institutes of Health. Eighteen female Yorkshire-Landrace pigs, weighing 22-35 kg, were premeditated with ketarnine hydrochloride (25 mg/kg i.m.). Anesthesia was induced with a-chloralose (80-100 mg . kg-' iv.) and maintained with m-chloralose (40 mg. kg-l . h-1). After endotracheal incubation via a tracheotomy, the pigs were mechanically ventilated with an air/oxygen mixture to maintain arterial blood pH between 7.35 and 7.45 and arterial pOz greater than 200 mmHg. Normal saline with 5'?10 dextrose was infused rapidly with induction of anesthesia (500 ml iv.) and followed by continuous infusion of 150-250 ml . h-l. Pigs were treated with indomethacin (25 mg iv.), which prevented any subsequent haemodynamic reaction to the injection of fluorescent microsphere suspended in dilute Tween 80 solution, Hexamethonium (7.5 mg" kg-l iv.) and atropine (0.2 mg. kg-l iv.) were given to prevent activation of autonomic reflexes during the transient vena caval occlusions used to assess regional LV function. Pigs were placed on a recirculating hot water blanket and their lower bodies were wrapped with an insulated pad.
The chest was opened via a median stemotomy. Fluidfilled catheters were inserted in the aortic arch via a carotid artery and in the left atrium via its appendage. A solid-state 5 French micromanometer catheter (Millar Instruments, Houston, TX, USA) was inserted through the cardiac apex into the left ventricular cavity. Bipolar pacing wires were affixed to the left atrial appendage. Hydraulic cuff occluders (In Vivo Metric, Healdsburg, CA, USA) were placed around the inferior and superior venae cavae. A segment of the left anterior descending coronary artery, between its first and second diagonal branches, was dissected free from its adventitia. A perivascular pulsed Doppler flow probe (Triton Technology, San Diego, CA, USA) was placed around the vessel and connected to a Triton Model 100 flowmeter. A hydraulic cuff occluder was placed around the coronary artery just distal to the flow probe. The occluder was completely inflated for = 15 s until epicardial cyanosis defined the extent of the ischaemic zone. In a separate series of experiments in 24 pigs (unpublished data), placement of an occluder between the first and second diagonal branches resulted in an ischaemic region comprising 25-309Z0 of LV mass. For the withdrawal of coronary venous blood samples, a 20-or 22-gauge Teflon catheter was inserted into the anterior interventricular vein with its tip just distal to the level of the coronary artery occluder (i.e., within the ischaemic zone). To measure regional left ventricular function, one pair of piezoelectric segment length crystals was implanted subendocardially in the central portion of the ischaemic zone. The crystals were placed = 1 cm apart in the direction of subendocardial fiber orientation [13] . To measure regional function in a non-ischaemic zone, a second pair of crystals was implanted in the subendocardium of the posterolateral left ventricular free wall. Both pairs of crystals were connected to a Triton Model 120 sonomicrometer.
Data collection
Aortic and left ventricular pressures, the first derivative of left ventricular pressure (dp/dt), the intramyocardial electrogram (recorded from the ischaemic zone sonomicrometry crystals), segment length of the ischaemic and non-ischaernic zone crystal pairs, and Doppler coronary flow signals were recorded on a direct-writing chart recorder. Selected 10 s segments of data were also digitized at 200 Hz with a 12-bit analog-to-digital converter and stored using a Macintosh IIfx computer (Apple, Cupertino, CA, USA) running customized software for haemodynamic data acquisition and analysis based on the LabView programming language (National Instruments, Austin, TX, USA).
Under each experimental condition, measurements included haemodynamic variables, myocardial blood flow, and regional anterior left ventricular oxygen and lactate extraction. Haemodynamic data were recorded and digitized under steady-state conditions, and with dynamic 10 s occlusion of the vena cavae during suspended respiration. At least 5 vena caval occlusions, spaced 3 min apart, were performed under each condition. Myocardial blood flow was measured by left atria] injection of fluorescent microsphere, as described below. Anterior left ventricular oxygen and lactate extraction were determined from simultaneous, paired arterial and coronary venous blood samples.
Experimental protocol
Alternate pigs were assigned to receive no dobutamine (Group 1, n =9) or dobutamine (Group 2, n =9) during the final 60 min of the ischaemic period. In both groups, a complete set of measurements was first obtained under baseline, pre-ischaemic conditions during atrial pacing at a rate slightly higher than the intrinsic heart rate ( = IOO\min). Baseline pre-ischaemic haemodynamic measurements were also obtained during atrial pacing at heart rate increments of 15/min, up to a maximum of 145/min. Measurements made during pre-ischaemic atrial pacing served as rate-matched controls for those made subsequently during dobutamine-induced tachycardia. The pacing was then reduced back to = 100/min, and 10 min were allowed before initiation of ischaemia. Ischaemia was produced by gradual inflation of the coronary occluder until Doppler coronary flow diminished to 40-60'% of baseline and ischaemic zone pressure versus segmentIength loop area (an index of regional stroke work) decreased to 20-4070 of baseline. Once this degree of ischaemia was attained, the coronary occluder was left inflated to the same level for the duration of the 90 min ischaemic period. Thus, coronary blood flow could vary according to its haemodynamic determinants, but coronary stenosis severity remained constant. Between 15 and 30 min of ischaemia, a second set of haemodynamic, blood flow, and oxygen and lactate extraction measurements was made. In Group 1, atria] pacing at = 100/min was continued through the 90 min ischaemic period. In Group 2, dobutamine infusion was begun at 30 min of ischaemia at a dose of 2 pg . kg-1 . rein-1 iv., and atrial pacing was discontinued as the spontaneous heart rate increased. The dobutamine dose was titrated upward over 5-10 min until the spontaneous heart rate had increased to approximately 130/min. The dobutamine infusion was then maintained at that rate for the remainder of the 90 min ischaemic period. The mean dobutamine dose thus achieved was 4 kg . kg-1 rein-' (range 2.5-7.0 I.Lg. kg-' . rein-'). In both groups, a third complete set of measurements was performed between 75 and 90 min of ischaemia. The coronary occluder was then deflated and dobutamine infusion was discontinued in Group 2. Atrial pacing at = 100/min was resumed in Group 2 as the spontaneous heart rate declined with waning dobutamine effect. The fourth and fifth complete sets of measurements were performed at 20-35 and 50-65 min of reperfusion. After the fifth set of measurements was completed, dobutamine was infused once again in both groups and haemodynamic measurements were repeated to verify that contractile function could be recruited in the post-ischaemic ('stunned') region. Finally, after approximately 90 min of reperfusion (3 h after the onset of ischaemia), the pigs were killed with a lethal dose of sodium pentobarbital, and the heart excised for determination of regional myocardial blood flow. The subendocardial position of the piezoelectric crystals was confirmed in each pig. Transmural sections of myocardium from the ischaemic and non-ischaemic zones were placed in warm 1% triphenyltetrazolium chloride (TTC) solution for 20 min and then visually examined for evidence of infarction (i.e., areas of non-staining) [14] .
Three additional pigs (Group 3) constituted a control group that underwent the same anesthesia and surgical instrumentation as Groups 1 and 2, but were not subjected to ischaemia or inotropic stimulation. Measurements of hemodynamics, regional LV function, myocardial blood flow and metabolism were made over a 3.5 h period, equal to the total measurement period in Groups 1 and 2.
Haemodynamic data analysis
Diastolic indices
Digitized haemodynamic data obtained during 10 s vena caval occlusion were analyzed according to the following procedure. First, the end-diastolic point of each cardiac cycle was identified from the initial upstroke of the intramyocardial electrogram. Next, an iterative procedure (SigmaPlot, Jandel Scientific) was used to fit an exponential function of the form P = a (e~'(~-~{]) -I) to the end-diastolic points of each pressure-segment length loop, where P is end-diastolic pressure, L is end-diastolic segment length, and a, b, and L. are constants determined from the best exponential fit. L. represents the segment length at zero left ventricular pressure, as defined by the intercept of the exponential relation with the end-diastolic segment length axis. The first derivative of this relation, dP/d L, is a measure of diastolic stiffness as a function of end-diastolic segment length (EDL). Diastolic stiffness under each condition was calculated as the value of the derivative of dP/dL with L equal to the steady-state EDL for that condition. To correct for differences in intercrystal distance between pigs, stiffness was expressed as the change in end-diastolic pressure resulting from an increment of EDL equal to 10% of LO for that segment.
Systolic indices
The area of each pressure-segment length loop was plotted against its corresponding end-diastolic segment length, or EDL, for both the ischaemic and non-ischaemic regions to generate regional preload-recruitable stroke work (PRSW) relations [15] (Figs. 4 and 5) . Linear regression was performed on the PRSW data to obtain the slope (M* ) and the intercept with the EDL axis ( LW) from each vena caval occlusion. Mw is an index of regional contractility, analogous to the slope of a global ventricular PRSW relation [15, 16] , while the Lw is the end-diastolic segment length at which no external work would be performed.
For each pig, haemodynamic variables were averaged over 4 -6 determinations made under each experimental condition. Values during ischaemia and reperfttsion were compared to baseline, pre-ischaemic values obtained at the closest matched heart rate.
Myocardial blood jlow and oxygen and lactate consumption
Myocardial blood flow was measured with fluorescent microsphere [17] . Over 30 s, 3-4 X 106 well-mixed 15 pm diameter latex microsphere coated with one of 7 fluorescent dyes (Molecular Probes, Eugene, OR, USA) were injected into the left atrium. Simultaneously, a reference arterial blood sample was withdrawn from the carotid artery into a heparinized syringe with a calibrated pump. In a given experiment, either blue and green or blue-green and yellow-green microsphere were used.
Reference arterial blood samples containing microsphere were diluted with an equal volume of distilled water and divided into 10 ml aliquots. Myocardial tissue samples were excised post mortem from the center of the ischaemic zone in the anterior left ventricular free wall (encompassing the site of the ischaemic crystal pair) and the posterolateral left ventricular free wall (encompassing the site of the non-ischaemic crystal pair). Each tissue sample was divided into 3 equal transmural layers, weighing 1.5-2.5 g each, and then minced. Each blood and tissue sample was digested in 40 ml of 2.5N methanolic potassium hydroxide solution for 48 h at 40°C with continuous agitation. Samples were centrifuged for 25 min at 2500 X g, and the supernatant was removed. Next, 40 ml of O.lYOTween 20 in distilled water were added to the sediment containing the microsphere, the tubes vigorously agitated, and centrifuged again. The supematant was removed, and 40 ml of methanol were added to each tube, agitated, and centrifuged once again. After air drying, the microsphere were resuspended in 1 ml of 2-ethoxyethyl acetate to extract the fluorescent dyes; 0.2 ml of this solution containing the eluted fluorescent dyes was pipetted into the well plate of a Perkin-Elmer LS-50 fluorimeter. Excitation and emission wavelengths were 360/420 nm (blue), 430/457 nm (blue-green), 450/488 nm (green), 490/520 nm (yellow-green), 530/553 nm (orange), 565/596 nm (red), and 600/633 nm (crimson). Fluorescence was corrected for background intensity and for spillover between adjacent emission spectra [17] . Myocardial blood flow (ml" g-l "rein-1, was calculated as Q,.~" i/Tw'. F&, where Q,,f is the withdrawal rate of the reference arterial blood sample, F,.~and Fti, are corrected All values are mean + s.e.m., in ml g-min -1,~= 9 for each group, except at 60 min reperfusirm (n = 8). ' significantly different from baseline value for same group (P < 0.05). t Significant difference between groups (P < 0.05).
fluorescence intensities of reference blood and tissue samples, and TW is tissue sample weight. Oxygen content of arterial and coronary venous blood samples was calculated as the sum of haemoglobin-bound and dissolved oxygen contents; the former was measured with a Radiometer (Copenhagen, Denmark) OSM3 haemoximeter and the latter was calculated from POZ measured with a Radiometer ABL30 blood gas analyzer. Blood samples for analysis of lactate were immediately mixed with a measured volume of cold 770 perchloric acid and centrifuged. The supematant was assayed for lactate using an enzymatic spectophotometric method [18] . The uptake of oxygen and lactate by the anterior left ventricular free wall was calculated as the product of the mean transmural blood flow and the coronary arteriovenous concentration difference.
Statistical analysis
The statistical significance of a difference between Groups 1 and 2 in the time course of a haemodynamic or metabolic variable was assessed by two-way analysis of variance for repeated measures. If a statistically significant difference between the two groups (P < 0.05) was detected, comparisons between the groups at individual points in the experimental protocol were made using unpaired All values are mean+ s.e.m. n =9, except at Reperfusion 50-65 min (n= 8). * Significantly different from baseline value for Group 1 (P < 0.05). + Significantlydifferentfrom value in Group2 at comparabletime point(P < 0.05). Table 4 Haemodynamic Student's t-tests with the Bonferroni correction for multiple comparisons. Comparisons between baseline and ischaemia or reperfusion values within the same group were performed using Dunnett's procedure. Statistical analysis was performed using True Epistat vices, Richardson, TX, USA).
software (Epistat Ser-
Results
Two pigs (one each in Groups 1 and 2) completed the protocol through early reperfusion but died between 30 and 60 min of reperfusion; the other 16 pigs completed the entire protocol. Post-mortem examination revealed uniform staining with TTC in the ischaemic region of all pigs except one in Group 1. That pig, included in the data analysis, demonstrated small, patchy areas of absent TTC staining, encompassing = 15% of the subendocardium in the ischaemic zone.
Regional myocardial blood jlow, oxygen and lactate consumption, and coronary venous pH
There were no significant differences between Groups 1 and 2 in baseline myocardial blood flow (Fig. 1, Table 1 ), anterior LV oxygen consumption (Fig. 2) , lactate uptake (Fig. 3) , or coronary venous pH (Table 2) . During early (=30 rein) ischaemia, anterior LV subendocardial blood flow was similarly reduced in both groups, to approximately 30% of baseline. In both groups, this reduction in perfusion was accompanied by statistically significant decreases in aortic blood pressure, LV systolic pressure, and LV dp/dt~,X, and modest increases in LV end-diastolic pressure (Tables 3 and 4 ). Regional myocardial oxygen consumption declined during early ischaemia, associated with a shift to net myocardial lactate release and a significant increase in the coronary arteriovenous pH difference (Figs. 2 and 3, Table 2 ). During late ( = 90 rein) ischaemia without dobutamine in Group 1, there were no significant changes from early ischaemia in regional myocardial blood flow or oxygen consumption, although transcoronary lac- 
1)
End-diastolic segment length (mm) and derived relations in a Group 1 pig (no dobutamine during ischaemia). Panel A:
Pressure~segment length loops obtained during 10 s vena caval occlusion under baseline conditions, 90 tin ischaemia, and 60 min reperfusion. Note that with ischaemia and reperfusion loop area is reduced and loop position is shifted to the right. Panel B: End-diastolicpressure versus segment length relations obtained from the data in PanelA. Notethat the end-diastolic pressure-length relation shifts to the right with ischaemia, with partial reversal of this shift at 60 min reperfusion. Panel C: Regional preload-recruitable stroke work (PRSW) relations obtained from data in Panel A. Note that during ischaemia, PRSW slope decreases and PRSW intercept with the end-diastolic length axis increases. During reperfusion, PRSW slope increases toward baseline, but intercept remains increased and contributes substantially to the reduction of stroke work at a given end-diastolic segment length.
tate release and pH difference diminished (Figs. 1-3 , Table 2 ). In Group 2, dobutamine infusion during continued ischaemia increased effective coronary perfusion pressure through a significant increase in diastolic aortic pressure and a significant decrease in LV end-diastolic pressure, compared with Group 1 (Table 4 ). In addition, dobutamine significantly enhanced the rate of ventricular relaxation during ischaemia, as assessed by LV -dp/dt~.X. As a result of these haemodynamic effects, dobutamine increased ischemic zone subendocardial blood flow to 0.76 .17 ml . g-1 . min-1. Despite this increase in absolute blood flow, the anterior LV remained hypoperfused compared with the posterior LV, where simultaneous subendocardial blood flow rose to 1.89 + .31 ml . g-1 . rein-1 during dobutamine infusion. Thus, the ratio of anterior to posterior subendocardial blood flow in Group 2 during ischaemia with dobutamine (0.43 i O.10) remained significantly reduced from baseline (1.03 + O.17) and non-significantly increased from early ischaemia without dobutamine (0.28 + 0.05). Myocardial oxygen consumption in the ischaemic region increased almost twofold with dobutamine stimulation (Table 2) . Despite the increase in energy demand provoked by dobutamine stimulation, Group 2 pigs did not demonstrate evidence of accelerated anaerobic metabolism during late ischaemia: Ischaemic zone lactate production diminished to a mean value near zero, and coronary venous acidosis and the transcoronary pH gradient were attenuated. These findings are similar to those during late, unstimulated ischaemia in Group I (Table 2).
During reperfusion, anterior LV blood flow, oxygen consumption, and lactate consumption remained less than baseline in both groups (Figs. 1-3 ).
Haemodynamics and regional ventricular function
Haemodynamic data for Group 1 and Group 2 pigs are shown in Tables 3 and 4 . There were no significant haemodynamic differences between groups under baseline conditions. Regional PRSW relations were highly linear under : lo- correlation coefficient (r) of 0.96 to 0.97. To assess the reproducibility of the derived parameters Mw and Lw with repeated vena caval occlusions in an individual pig under a given experimental condition, the coefficient of variation was calculated. The coefficient of variation for Mw during baseline conditions, ischaemia, and reperfusion averaged 10, 15, and 11'%0, respectively. The coefficient of variation for Lw averaged 2, 3, and l%, respectively. Typical ischaemic zone pressure-segment length loops and derived relations are shown in Fig. 4 for a Group 1 pig and in Fig. 5 for a Group 2 pig. Summary data are presented in Tables 3 and 4 . In both groups, the end-diastolic pressure-segment length relation in early ischaemia was characterized by significantly increased intercept (Lo) and slope (stiffness). An increase in L. indicates a longer segment length at zero LV distending pressure, and implies that non-elastic deformation, or creep, has occurred in the ischaemic myocardial segment. Despite the increase in L., left ventricular end-diastolic pressure increased during early ischaemia due to the increased diastolic stiffness. Steadystate ischaemic zone PRSW was reduced to approximately 309Z0 of baseline in both groups, at end-diastolic segment lengths not significantly different from baseline (Fig. 6 ). This reduction in steady-state PRSW during early, unstimulated ischaemia was due to both decreased PRSW slope (Mw) and to increased intercept (Lw). The decrease in Mw (to approximately 50% of baseline) is consistent with a reduction in regional contractility. The increase in Lw (to approximately 115% of baseline, P < 0.001) indicates an increase in the end-diastolic segment length at which no external work is performed. The posterior, non-ischaemic zone did not demonstrate significant changes from baseline in fractional shortening, steady-state PRSW, or the slope or intercept of the PRSW relation during unstimulated ischaemia.
At 75-90 min of continued ischaemia without dobutamine in Group 1, there were no significant changes from early ischaemia in anterior subendocardial diastolic or systolic function (Table 3, Fig. 6 ). The posterior wall exhibited a modest reduction in steady-state PRSW and in Mw, but no change from baseline in either L. or Lw.
As expected, dobutamine infusion in Group 2 stimulated contractile function in both the ischaemic and nonischaemic regions (Table 4 ). In the ischaemic region, steady-state PRSW increased to a level 1.82 + .31 times baseline at matched heart rate (Fig. 6) . This was accompanied by a significant increase in Mw, consistent with increased regional contractility. Dobutamine stimulation restored ischaemic zone Lw to a value not different from baseline. Dobutamine stimulation also normalized indices of diastolic function in the ischaemic zone. However, dobutamine had no significant effect on LW, L., or enddiastolic stiffness of the non-ischaemic zone. " Irk. Measurements were made at baseline, early (15-30 rein) and late (75-90 rein) ischaemia,~d early (20-35 rein) and late (50-65 rein) reperfusion. Data are mean+ s.e.m. n=9 in each group, except n = 8 at late reperfusion. In Group 2, dobutamine infusion stimulates contractile function of the ischaemic region. However, both groups exhibit a similar, marked reduction in stroke work during reperfusion.
A key result of the study is that there were no significant differences between groups in any haemodynamic variable during reperfusion. The reperfusion period was characterized by aortic and systolic left ventricular pressures and left ventricular dp/dt~aX that were significantly lower than baseline. Left ventricular end-diastolic pressure remained significantly elevated above baseline at 20-35 min reperfusion, but diminished by 50-65 min of reperfusion. Steady-state PRSW was approximately 25Y0 of baseline in both groups at 50-65 min reperfusion (Fig. 6 ), but ischaemic zone Mw was not significantly reduced from baseline, averaging 84% of baseline in both groups. However, LW remained significantly increased to 1I3-116Y0 of baseline in both groups. During reperfusion, ischaemic zone Lfl returned toward its baseline value in Group 1 (Table 3) , indicating partial reversal of diastolic creep, and remained at values close to baseline in Group 2 (Table 4) . In both groups, diastolic stiffness of the reperfused region decreased to a level intermediate between baseline and unstimulated ischaemia.
Infusion of dobutamine after 60 min of reperfusion resulted in marked recruitment of contractile function in the post-ischaemic region of both groups, manifest by increases in Mw and steady-state PRSW (Tables 3 and 4) . The marked recruitment of contractile function with dobutamine is consistent with stunning, rather than infarction, of the post-ischaemic region.
Sham-operated pigs
Data from Group 3 pigs are shown in Table 5 . Over a 3.5 h measurement period without ischaemia or inotropic stimulation, there were no significant changes in hemodynamics, regional LV function, or myocardial blood flow. Thus the observed changes in LV function observed in Groups 1 and 2 can be attributed to the experimental interventions, rather than time-dependent deterioration of the preparation.
Discussion
Under the conditions of this study, 1 h of inotropic stimulation with dobutamine during moderate regional LV ischaemia neither exacerbated nor attenuated postischaemic LV dysfunction, or stunning. After 1 h of reperfusion, contractile function remained markedly, but nearly equally, depressed in both groups of pigs. Infusion of dobutamine during ischaemia increased coronary perfusion pressure, blood flow, oxygen delivery and consumption, and contractile function of the ischaemic region. By these criteria, dobutamine stimulation diminished the severity of ischaemia. However, the ratio of subendocardial blood flow in ischaemic/non-ischaemic regions, net lactate uptake by the ischaemic region, and coronary venous pH did not differ between Groups 1 and 2; by these criteria, dobutamine stimulation neither diminished nor exacerbated the severity of ischaemia.
The present findings expand our understanding of the effects of inotropic stimulation of ischaemic myocardium. Previous studies have examined the effect of inotropic stimulation during ischaemia on subsequent infarct size [1] [2] [3] , but have not determined whether inotropic stimulation during ischaemia affects the severity of ensuing po.wischaemic dysfunction. We employed a model of stunning resulting from a 90 min partial coronary occlusion, rather than the usual model of brief (i.e., 15 rein) complete coronary occlusion [19] . The usual model of stunning was not employed because it would have been less relevant to the clinical use of inotropic therapy, which is seldom instituted within a few minutes of complete coronary occlusion or employed for a period as brief as 15 min. However, low-dose inotropic stimulation beginning 30 min after the onset of low-flow ischaemia and continuing for 60 min is a reasonable clinical model.
Effects of ischernia and dobutarnine on regional left ventricular function
In the absence of dobutamine, ischaemia caused an increase in LO, the extrapolated intercept of the end-diastolic pressure versus segment length relation with the EDL axis. The increase in LO with ischaemia implies a longer passive segment length at zero left ventricular distending pressure and reflects non-elastic myocardial deformation, or creep, which was found to reverse over 1 h of reperfusion. Myocardial creep has been described previously with ischaemia and reperfusion [15, 16, [20] [21] [22] , although its structural basis remains undetermined. Ischaemia also caused a reversible increase in the slope of the end-diastolic pressure versus segment length relation, implying increased diastolic stiffness, as has been previously described in low-flow ischaemia [23] .
The effects of ischaemia and dobutamine on regional systolic function were characterized by regional PRSW relations. The slope of a regional PRSW relation ( MW) has been considered to be an index of regional contractility [15] . As expected, MW decreased significantly during unstimulated ischaemia in both groups, and increased significantly with dobutamine stimulation in Group 2. During reperfusion, however, a surprising finding was that Mw in the post-ischaemic region was only modestly reduced from baseline in either group. Rather, the reduction in ischaemic zone stroke work (steady-state PRSW) during reperfusion was attributable primarily to a rightward shift in Lw, the segment-length intercept of the PRSW relation. Lw represents the minimum end-diastolic segment length at which regional external work is performed. An increase in Lw may also reflect myocardial creep, as discussed below. Fig.  7 shows the average PRSW relations for both groups of pigs at baseline and at 60 min reperfusion. The rightmost point of each relation indicates the average steady-state operating point (i.e., steady-state PRSW and EDL without vena caval occlusion). From these relations, the reduction in PRSW between baseline and 60 tin reperfusion (i.e., vertical distance between steady-state operating points) may be partitioned among the effects of rightward shift in Lw, decreased Mw, and decreased steady-state EDL. In Groups 1 and 2, respectively, this analysis reveals that 60 and 63% of the reduction in steady-state PRSW can be attributed to the rightward shift in Lw.
The posterior, non-ischaemic zone exhibited a moderate decrease in regional external work during unstimulated ischaemia and reperfusion, due to a modest reduction in Mw (Tables 3 and 4) . The reduced Mw of the nonischaemic zone may reflect changes in ventricular shape and/or synchrony of contraction [24] . However, neither LO nor Lw increased under any experimental condition in the non-ischaemic zone.
Significance of increases in LW and L.
The Maxwell muscle contraction model [25] allows the observed changes in diastolic and systolic function to be modeled by creep in passive elastic components of myocardium. The Maxwell model (Fig. 8) consists of a parallel elastic component that determines passive diastolic properties, and a series elastic component and contractile element that determine systolic properties. Creep in a parallel elastic component would be predicted to affect passive diastolic properties by shifting the end-diastolic pressure-length relation downward, resulting in an increase in .LOand lower passive diastolic tension at a given end-diastolic segment length. However, parallel elastic creep would not be predicted to affect systolic function at a given end-diastolic length (PRSW relation). In contrast, creep in a series elastic component would be predicted to have no effect on passive diastolic properties, but to result in a shorter end-diastolic length of the contractile element at any given end-diastolic length of the contractile unit. Systolic shortening and force development would therefore be predicted to diminish (because they are related to the end-diastolic length of the contractile element), resulting in a downward shift of the PRSW relation with increased Lw (Fig. 8) . Thus, our observations of a downward shift in the regional PRSW and end-diastolic pressure-length relations are consistent with creep in putative series and parallel elastic components induced by ischaemia. It is important to emphasize that the Maxwell schema may be useful to model the observed changes in regional ventricular function, but does not imply a one-to-one correspondence between each component of the model and a specific structural component of myocardium. However, Glower et al. found that significant increases in L.w and LO induced by ischaemia were accompanied by increased sarcomere length determined by electron microscopy [10] .
Metabolic consequences of prolonged ischaemia
In Group 1, we observed an attenuation of lactate production and coronary venous acidosis during the course of 90 min constant, moderate ischaemia. This is consistent with previous findings by our laboratory and others [26] [27] [28] that anaerobic glycolysis diminishes during prolonged, moderate LV ischaemia despite sustained reductions in myocardial blood flow and contractile function. In the current study, this pattern of 'metabolic adaptation' to prolonged, moderate ischaemia was also observed in Group 2 pigs, despite dobutamine treatment. In contrast, previous studies by our laboratory [29] and others [30] indicate that if dobutamine stimulation during moderate ischaemia is not accompanied by increased myocardial perfusion, lactate production and coronary venous acidosis increase. Thus, inotropic stimulation has the potential to increase anaerobic metabolism and tissue acidosis if myocardial blood flow and oxygen delivery fail to rise. However, these potentially adverse effects did not occur in the current study because dobutarnine stimulation was accom- Note that in both groups, most of the reduction in steady state PRSW during reperfusion is attributable to the increase in Lw.
panied by a sufficient increase in myocardial blood flow and oxygen delivery.
Critique qf method
The results of this study may depend upon the dose of dobutamine and severity of ischaemia that were employed. The modest dose of dobutamine used in this study (sufficient to raise mean heart rate from 100 to 130/min) approximates doses commonly employed in clinical treatment of ischaemic LV dysfunction. A moderate degree of ischaemia was employed to avoid infarction. The absence of infarction as determined by TTC staining is consistent with results of Schulz et al. [30] , who found no evidence of infarction in pigs despite 90 min of ischaemia that was more severe than in the current study. The present results may also depend upon the use of a model in which coronary stenosis was fixed during ischaemia, but coronary blood flow could vary according to its haemodynamic determinants. Such a model is more relevant to the clinical use of inotropic agents than ones in which coronary blood flow is held constant during inotropic stimulation [5, 28] . Several previous studies have found that inotropic agents cannot produce a sustained increase in contractile function of ischaemic myocarditnn without an accompanying increase in myocardial blood flow and oxygen delivery [29, 31] . In clinical practice, inotropic stimulation might be employed both during and following an episode of myocardial ischaemia; this study examines the effect of inotropic stimulation during only the ischaemic period on post-ischaemic dysfunction. During ischaemia, the heart rate of Group 1 pigs was lower than that of Group 2 pigs uring dobutamine stimulation. Had the heart rate in Group 1 been matched to that of Group 2 throughout the is-:haemic period (i.e., by atrial pacing) but without thẽ ccompanying increase in coronary perfusion pressure and lood flow produced by dobutamine, we would have exected further compromise of myocardial perfusion and worsening of metabolic indices of ischaemia in Group 1. rhe severity of stunning may be exaggerated in open-chest, maesthetized preparations, compared to conscious animals ntbjected to ischaemia of similar duration and severity 32]. The experimental model employed in the current ]tudy may therefore be particularly relevant to ischaemic LV dysfunction during human cardiac surgery.
#.5. Implications
In summary, 1 h of inotropic stimulation with low-dosẽ obutamine during moderate, regional left ventricular is-:haemia due to a fixed, partial coronary stenosis causes ncreased blood flow, oxygen consumption, and contractile 'unction of the ischaemic zone. However, neither lactate -elease nor coronary venous acidosis is increased. Under he conditions of this study, post-ischaemic systolic dys-'ttnction is neither ameliorated nor exacerbated by in-]tropic stimulation during ischaemia. In applying these 'esults to the clinical setting, it must be kept in mind that he findings are likely dependent on an increase in myocariial blood flow to the ischaemic zone during inotropic stimulation, which may not be possible with more severe :oronary flow limitation. $tic. component (PE) . A contractile unit is shown at the same end-diastolic length (EDL) before (left panel) and after occurrence of PE creep (upper panel) or SE creep (lower panel). After PE creep, there is less elastic distension of PE at a given length of the contractile unit, resulting in lower diastolic tension and a downward shift in the end-diastolic pressure versus EDL relation (shaded arrows) and an increase in its intercept, L. (solid arrow). Huwever, PE creep does not affect systolic properties, as reflected by the stroke work versus EDL (PRSW) relation. After SE creep, SE length is increased at the expense of CE length at a given EDL of the contractile unit. Decreased CE length at end-diastole results in reduced force generation, reflected by a downward shift in the stroke wurk versus EDL relation (shaded arrows) and an increase in its intercept, Lw (solid arrow). Because diastolic properties are determined solely by the PE, no change in the end-diastolic pressure versus EDL relation would be predicted tu result from SE creep. The predicted effects of Pt3 or SE creep are based on the assumption that the spring constants of the elastic elements do not change.
